The paper presents a new complete approach for Tool Condition Monitoring (TCM) in milling. The aim is the early detection of small damages so that catastrophic tool failures are prevented. A versatile in-process monitoring system is introduced for reliability concerns. The tool condition is determined by estimates of the radial eccentricity of the teeth. An adequate criterion is proposed combining mechanical model of milling and angular approach. 
reaction time has become insufficient and the significant speeds will cause serious damages. This is the reason why Tool Condition Monitoring (TCM) systems are needed. Commercial systems are proposed for mass production [1] . They are based on the teach-in method: a few workpieces need to be machined in order to set the thresholds of breakage detection. This is incompatible with flexible manufacturing systems.
Abundant literature is proposed. However, there is a lack of reliable TCM solutions for small batch and one-off productions in milling [2] . It is mainly due to misinterpretations between simple transient cuts and real incidents. Yet, reliability is the major issue according to the industrial end-users [3] .
Most of methodologies are essentially based on signal processing techniques, such as statistical analysis in time or frequency domain, wavelet analysis, neural networks and fuzzy logic [3] [4] [5] . Other authors combine signal processing to mechanical model of the machining operation. Notably, the fact that a damage tooth removes less material leads to the monitoring of each tool tooth individually [6] [7] [8] . Few works deal with angular approach. It can be mentioned that Girardin et al. [9] studied the instantaneous angular speed from spindle encoder signal. Besides, Lamraoui et al. [10] introduced new criteria based on the cyclostationarity principles for the monitoring of chatter and tool wear.
TCM generally rely on the measurement of cutting force, vibration, spindle power, acoustic emission or tool temperature. Accuracy and bandwidth of forces issued from a dynamometer table are interesting but it is incompatible with industrial applications. Thus, alternatives for indirect estimate of cutting force are proposed: force ring at spindle housing [11] and capacitance [12] or eddy current [13] [14] [15] displacement sensor close to spindle nose. The latter requires signal processing because simple RMS (Root Mean Square) values are lowly sensible to cutting forces. The effects of thermal dilatation and centrifugal force can be removed implementing sensors on each side of the spindle in the two radial directions [15] . The bandwidth can be extended by disturbance Kalman filter technique so as to compensate distortions due to the three main eigenfrequencies of the tool-spindle system [12] .
The paper proposes a new complete approach of TCM in milling. Firstly, a versatile inprocess monitoring system is introduced for reliability concerns. A criterion is established combining mechanical model of milling and angular approach. It estimates the radial eccentricity of tool teeth. Secondly, a solution is presented for the estimate of cutting force using eddy current sensors implemented close to spindle nose. A signal processing methodology that analyse signals in the angular domain, notably by synchronous averaging technique, is proposed. Validity of the approach is investigated through a comparison with hal-00862232, version 1 -16 Sep 2013 cutting forces issued from a dynamometer table. Lastly, the method is implemented in an industrial case of pocket machining operation in order to investigate the efficiency and the reliability of the method.
2
Monitoring of cutter eccentricity
Tool breakages are unpredictable and may lead severe consequences. This is the reason why the aim of the approach is to detect small damages as early as possible, in order to be able stop the machine-tool before a catastrophic failure.
Criterion principle
It is proposed to characterize the tool condition by an estimate of the radial eccentricity of teeth. Indeed, if a new endmill is considered, a radial eccentricity of a few hundredth millimetres can be measured for each cutting edge, once the tool clamped into the spindle.
The radial eccentricity of teeth distributes the material to be removed unevenly between the teeth. Cutting forces are affected by the variations of chip thickness (Figure 1-a) . This distribution is changed after the partial breakage of one of the cutter: the chipped tooth removes less material and the following one has to compensate, removing more material (Figure 1-b) . The estimate of cutter eccentricity seems interesting for cutter breakage detection, notably in the case of low defects. To do so, the contribution of each tooth to the cutting force is investigated. In order to know which tooth produced a given force peak, an angular approach is suitable.
Cutting force model
In presence of radial eccentricity of the teeth, Kline and DeVor [16] expressed that the chip thickness h c removed by a given tooth j is given by: where f z is the feed per tooth and per revolution, φ and φ j are respectively the angular position of the tool and of the tooth j, Z the teeth number, ε j the radial eccentricity and Δε j the relative radial eccentricity (c.f. Fig. 2 ). Besides, Altintas [17] introduced that the tangential cutting force F t can be obtained by:
where k t c and k t e are specific cutting coefficients that depend on the tool/workpiece characteristics. a p is the depht of cut.
Assuming that the radial force F r is proportional to the tangential one (F r =k r F t [16] ) and that only one tooth is engaged into the material, the resultant force can be calculated for each tooth. The force peak generated by a tooth j, i.e. the maximum magnitude of resultant force, is given by:
where h c * is the maximum of nominal chip thickness. Kc and Ke are specific cutting coefficients that can be deduced from the previous ones. The mean of force peaks is equal to:
Difference between force peaks can be written . .
It leads to a criterion for the estimate of cutter relative eccentricity:
Cutter eccentricity ε j is deduced from Eq. 7, fixing ε 1 =0. In this way, the tool state can be estimated. The aim is to detect small early damage on tools, so as to stop the machining before the severe tool breakage that comes after. So, following this approach, stopping the monitoring during a few tenths of a second is not a problem. Besides, the evaluation of cutter eccentricity seems adapted to early detection of low defect on tool.
During stable cuts, the tool state is evaluated every spindle revolution, based on Eq. 7. Indeed,
Kc is related to a given workpiece material -tool interaction and remains identical during any machining of this material with this tool. Generic values can be found in literature or it can be identified experimentally from trial cuts. The exact value is not necessary because only the evolution of the criterion is studied, not the absolute value (Fig. 3) . During most of machining operations of small batch productions (e.g. pocket machining operation of structural aeronautic part), the depth of cut is constant during the operation and similar values are programmed from one part to another. So, a generic value of the tool can be considered or the right one can be transmitted to the Tool Condition Monitoring system. Also teeth number is necessary, to know how many force peaks must be found.
The main issue is to correctly assign a force peak to the right tooth. To do so, forces must be envisaged through an angular approach (Fig. 1) . Force measurements must be associated to the tool angular position. Besides, changes of machining direction along the toolpath induce phase shifts of force signals in the time domain and in the tool angular domain that must be corrected. Machining direction can be obtained from axis encoders of the machine-tool or from the CNC by industrial field bus. Then, every tool revolution, a force peak is extracted for each tooth passing and the cutter eccentricity is estimated. In this way, the tool condition can be evaluated.
Lastly, thresholds need to be set up in order to determine whether the tool is damage or not.
To do so, it is proposed to machine a few trial cuts in order to evaluate the initial tool state and to evaluate the variability the estimates due to the process. The standard deviation σ ε of the estimates of cutter eccentricity is computed and the thresholds are set at +/-3σ ε around the initial values of estimated of cutter eccentricity ε j init .
3.
Monitoring of cutting forces with eddy current sensors
Instrumentation
As often in milling, the TCM approach proposed in this paper is based on the monitoring of cutting forces. Force measurements in research works are usually carried out with a dynamometer table to obtain high precision at a few kHz. However, it is not compatible with industrial productions due to limitations of the working zone. An interesting alternative consists in estimating the cutting force at tool tip, from measures of the bending of the tool by eddy current sensor that can be integrated close to the spindle nose.
hal-00862232, version 1 -16 Sep 2013 Two Keyence eddy current sensors were fixed on a ring mounted at spindle nose, in order to measure the radial displacements of the tool -spindle shaft system from the spindle housing, due to bending under cutting forces (Fig. 4) . A 9257A Kistler dynamometer table was also mounted under the workpiece in order to calibrate and analyse the results from the eddy current sensors.
Signal processing
The paper proposes a methodology in order to estimate the tool condition with eddy current sensors. Useful signal represents a very small part of the raw signals x. Note that the signal corresponding to a given machining operation includes the preceding and following idle rotations of the cutting tool at the required spindle speed. The key steps of the signal processing are:
1) Low-pass filtering at twice the tooth passing frequency f p , that is teeth number times spindle frequency (f p =Z.N/60). In this way, robustness of TCM is improved because frequency response distortion of higher harmonics of tooth passing is limited and high frequency noise r is deleted [18] . The noise is mainly due to cyclostationarities involved by interactions between the eddy current sensor technology and the target material. Thus, it is not interesting for TCM.
2) Resampling of the signals in relation to spindle angular positions. In this paper, a two steps method is applied a posteriori and without encoder. It is based on the tool runout signature and the hypothesis that spindle speed is constant. Firstly, the approximate spindle frequency is estimated on a frequency spectrum computed from idle rotation Therefore, the displacement signal can be considered as a sum of three main components:
Relevance of the estimate of cutting force with eddy current sensors is investigated in the following section.
Experimental validation of the approach
Four paths were machined based on the cutting conditions presented in Tab. 1, on a Hermle C800 U machining centre (Fig. 4) . The synchronous average associated to idle rotations of the tool at 7650 RPM is shown in Fig. 5 ; as well as the displacements due to the cutting forces in X direction concerning the fourth trial cuts.
At the calibration step, a linear regression was carried out between mean forces (from the dynamometer table) and mean displacements x F (from eddy current sensors) concerning the four trial cuts. A very good correlation was obtained (Fig. 6 ) and stiffness K s of the toolspindle system of 288 N/µm was found. In spite of a length to diameter ratio of 4.5 on the tool, the apparent stiffness is in agreement with expectable values at spindle nose [19] . Note that this calibration step is not necessary for the monitoring method proposed in the paper, but it facilitates the comprehension of the method. Force signals measured with the dynamometer table were also low-pass filtered at twice the tooth passing frequency, i.e. with a cut-off frequency of 765 Hz. Fig. 7 illustrates a comparison of resultant cutting forces obtained from both sensor technologies. Couples of curves evolve with great similarity for each trial cuts (Tab. 1). Only a low delay of the eddy current sensor can be noticed. Consequently, the new method for the estimate of cutting force using eddy current sensor with dedicated signal processing is validated by this very good results. Note that, at some very high spindle speeds, larger deviations might be observed due to the frequency response of the tool-spindle assembly and of the dynamometer table.
4
Cutter breakage monitoring during a machining operation
In order to validate the proposed monitoring method, it has been implemented during a pocket machining operation. A small tooth breakage will be produced during the machining.
However, before process monitoring, a calibration step is necessary in order to identify the initial tool state and set the damage detection thresholds from process variability.
Calibration step
Four cutting tests were machined under the cutting conditions presented in Tab. 1 and Fig. 7 .
The results of the identification based on eddy current sensor are the following:
• specific cutting coefficients Kc = 1260 MPa 
Process monitoring
The industrial case of study of a pocket machining operation was chosen. Focus is done on the
• The first path (a) was machined in up-milling with a width of cut a e of 44% of tool diameter.
• The second path (b) was a slot milling (a e = 100%).
• The third path (c and d) was machined in down-milling with a e =76%.
• In order to damage one of the teeth during the machining, a small insert made of hardened steel (65 HRC) was placed in a hole located at the middle of the third path (between c and d in Fig. 8 ).
• Feedrate was 0.15 mm/tooth, depth of cut 2 mm and spindle speed 7650 RPM. generated by tooth N°1 (on the right) slightly increase after the hole. But it is somewhat difficult to determine whether an incident occurred.
Then, force peaks were extracted for each tooth passing, every spindle revolution, as illustrated in Fig. 10 . By applying the criterion of cutter eccentricity estimate (Eq. 7) to the force peaks, estimates of ε j are obtained. When the tool is machining and the cut is stable, the versatile monitoring operates. The estimates of cutter eccentricity are analysed in relation to the damage detection thresholds that were set around the initial value of cutter eccentricity, issued from the calibration step. Results are presented as a control chart of the tool condition in Fig. 11 . During the machining of the zones a, b and c, it can be noticed that no estimate is out of the thresholds. Thus, no false alarm would be sounded. But, immediately after the hole (path d), it is detected that tooth N°3 seems damaged, probably due to the insert.
In order to confirm this hypothesis, the tool was directly measured with a specific device before and after machining [18] . Fig. 12 The tool scanning proves that a small chipped occurred on tooth N°3. Therefore, we can conclude that the proposed monitoring method correctly identified the incident on the control chart (Fig. 11) . It is shown that the method is very accurate because it can detect cutter chippings as small as 0.2 mm depth.
Furthermore, during the cutting transients, the thresholds may be passed over (tooth N°3 in 
